Mammalian target of rapamycin, mTOR, is a major sensor of nutrient and energy availability in the cell and regulates a variety of cellular processes, including growth, proliferation, and metabolism. Loss of the tuberous sclerosis complex genes (TSC1 or TSC2) leads to constitutive activation of mTOR and downstream signaling elements, resulting in the development of tumors, neurological disorders, and at the cellular level, severe insulin/IGF-1 resistance. Here, we show that loss of TSC1 or TSC2 in cell lines and mouse or human tumors causes endoplasmic reticulum (ER) stress and activates the unfolded protein response (UPR). The resulting ER stress plays a significant role in the mTOR-mediated negativefeedback inhibition of insulin action and increases the vulnerability to apoptosis. These results demonstrate ER stress as a critical component of the pathologies associated with dysregulated mTOR activity and offer the possibility to exploit this mechanism for new therapeutic opportunities.
INTRODUCTION
Tuberous sclerosis complex (TSC) is an autosomal dominant disease characterized by benign tumors of the brain, kidney, skin, and other vital organs, leading to neurological disorders, such as severe epilepsy, mental retardation, and autism and a variety of other clinical manifestations resulting from the widespread occurrence of hamartomas. The genes mutated in this disease, TSC1 and TSC2, encode tumor suppressors that are associated in a complex, such that deficiency of either gene gives rise to TSC. Akt/PKB and other growth factor-activated kinases phosphorylate TSC2 and inhibit downstream signaling from the TSC1-2 complex (Inoki et al., 2002; Ma et al., 2005; Manning et al., 2002; Roux et al., 2004) . TSC2 has a GTPaseactivating protein (GAP) domain that has GAP activity toward the small G protein called Ras homolog enriched in brain (Rheb) (Garami et al., 2003; Saucedo et al., 2003; Tee et al., 2003; Zhang et al., 2003) . Loss of TSC2 function either by TSC2 or TSC1 deficiency leads to constitutive activation of mammalian target of rapamycin (mTOR) and downstream signaling pathways due to increased levels of GTP-bound Rheb (Garami et al., 2003; Saucedo et al., 2003; Tee et al., 2003; Zhang et al., 2003) . Therefore, the TSC1-2 complex, through its Rheb-GAP activity, is a critical negative regulator of mTOR under physiological conditions. TOR proteins function in two evolutionarily conserved complexes called TOR complex 1 and 2 (mTORC1 and mTORC2) (Loewith et al., 2002) . mTORC1 is composed of mTOR, raptor, and mLST8/GbL and is sensitive to rapamycin (Hara et al., 2002; Kim et al., 2002 Kim et al., , 2003 . It regulates cell growth, proliferation, and metabolism through mTOR-mediated phosphorylation of eukaryotic initiation factor 4E (eIF4E)-binding proteins (4E-BP) and the ribosomal protein S6 kinases (S6K1 and S6K2) (Hara et al., 2002; Kim et al., 2002) . Ultimately, phosphorylation of 4E-BP-1 and S6K1/2 increases protein synthesis by stimulation of cap-dependent translation. Activation of mTOR also leads to increased ribosomal biogenesis (Dann and Thomas, 2006; Harris and Lawrence, 2003; Hay and Sonenberg, 2004; Inoki et al., 2005; Kwiatkowski and Manning, 2005; Sarbassov et al., 2005a) . mTORC2 is composed of mTOR, rictor, mSIN1, and mLST8/GbL, and this branch of mTOR action is resistant to acute inhibition by rapamycin (Loewith et al., 2002) . Activation of mTORC2 has been shown to regulate Akt Ser473 phosphorylation (Sarbassov et al., 2005b) . While it is clear that mTORC1 activity is increased upon loss of the TSC genes, a role for mTORC2 downstream of the TSC1-2 complex and Rheb has not been established.
Interestingly, increased or dysregulated activation of the mTORC1 pathway triggers a negative-feedback loop blocking insulin and IGF1 receptor (IR) signaling to phosphoinositide 3-kinase (PI3K) and Akt. This is most apparent in cells lacking the TSC1-2 complex. TSC-deficient cells are refractory to insulin-induced tyrosine phosphorylation of insulin receptor substrate-1 (IRS-1), and IRS-2, and activation of PI3K and Akt (Harrington et al., 2004; Shah et al., 2004; Dann and Thomas, 2006) . TSC deficiency can also lead to decreased IRS-1 abundance at both the mRNA and protein levels (Harrington et al., 2004; Shah et al., 2004) . While critical in integrating cellular metabolic responses, the molecular mechanisms responsible for the negative-feedback regulation of insulin action through the TSC-mTORC1 pathway are not fully understood.
Uncontrolled protein synthesis and dysfunctional nutrient sensing challenge the integrity of the endoplasmic reticulum (ER). Folding and maturation of secreted and membrane-bound proteins take place in the ER, and increased protein trafficking, as well as conditions that perturb cellular nutrient and energy homeostasis, can lead to ER stress and activation of a complex signaling network called the unfolded protein response (UPR) (Marciniak and Ron, 2006; Schroder and Kaufman, 2005) . This signaling cascade is primarily initiated by the type-I transmembrane kinases, inositol-requiring enzyme-1 (IRE-1) and PKR-like endoplasmic reticulum kinase (PERK), and a type-II transmembrane protein, activating transcription factor-6 (ATF-6) (Marciniak and Ron, 2006; Schroder and Kaufman, 2005) . Activation of PERK leads to phosphorylation of eukaryotic translation initiation factor 2 alpha (eIF2a) at Ser51 and consequently results in global translational attenuation under ER stress conditions (Harding et al., 1999 . IRE-1 has both kinase and endoribonuclease activity (Cox et al., 1993; Mori et al., 1993) . The kinase activity of IRE-1 activates c-Jun amino-terminal kinase (JNK) through a pathway mediated by tumor necrosis factor (TNF) receptor-associated factor-2 (TRAF-2) and apoptosis signalregulating kinase-1 (ASK-1) (Urano et al., 2000) . JNK subsequently triggers stress and inflammatory responses and insulin resistance (Aguirre et al., 2000; Hirosumi et al., 2002; Tuncman et al., 2006) . The endoribonuclease domain of IRE-1 cleaves the mRNA of a transcription factor called X-box binding protein-1 (XBP-1) and initiates the removal of 26 bp from the full-length XBP-1 mRNA, leading to translation of a higher molecular weight protein called the spliced form of XBP-1 (XBP-1s) (Calfon et al., 2002; Yoshida et al., 2001; Schroder and Kaufman, 2005) . The XBP-1s acts as a highly active transcription factor and is one of the master regulators of ER folding capacity (Lee et al., 2003) .
We have found that the conditions accompanying states of obesity increase the demand on ER function and lead to ER stress in metabolically active tissues (Ozcan et al., 2004; Hotamisligil, 2005) . Interestingly, experimental or obesity-induced ER stress is a critical regulator of insulin action in vitro and in vivo and a key mechanism leading to insulin resistance and type 2 diabetes in the whole organism (Ozcan et al., 2004; Hotamisligil, 2006) . The principal mechanism that underscores the inhibition of insulin action during ER stress is the inhibition of IRS-1 tyrosine phosphorylation through IRE-1-dependent activation of JNK (Ozcan et al., 2004) . Serine phosphorylation of IRS-1 is a critical event in the inhibition of insulin receptor signaling (Hotamisligil et al., 1996; Zick, 2005) . JNK plays a causal role in development of insulin resistance and type-2 diabetes in obesity and inhibits insulin action through phosphorylation of IRS-1 at Ser307 (Aguirre et al., 2000; Hirosumi et al., 2002; Tuncman et al., 2006) .
These observations led us to postulate that dysregulated protein synthesis and disturbances in nutrient signaling caused by uncontrolled mTORC1 signaling might lead to ER stress in TSC-deficient cells and tumors, thereby contributing to the feedback inhibition of insulin/IGF1 action and other pathologies associated with this condition. In the present study, we have investigated the relationship between the TSC-mTORC1 pathway and the UPR as they relate to insulin receptor signaling and apoptotic responses.
RESULTS
Loss of the TSC1 and TSC2 Genes Causes ER Stress and Activates the UPR To investigate whether deficiency of TSC1-2 complex function and consequently sustained activation of mTORC1 lead to UPR, we have analyzed several biochemical and molecular indicators of ER stress, such as PERK phosphorylation (Thr980) and expression of genes involved in the UPR (i.e., GRP78 and CHOP) in TSC1-and TSC2-deficient cell lines. As shown in Figure 1A , Tsc1 À/À mouse embryonic fibroblasts (MEFs) exhibited constitutive mTORC1 activity, as indicated by robust rapamycinsensitive S6K1 (Thr389) and ribosomal protein S6 (Ser235/236) phosphorylation under basal, unstimulated conditions. These cells also exhibit a marked increase in PERK phosphorylation compared to a littermate-derived wild-type (WT) control cell line ( Figure 1A , triplicates shown), indicating the presence of ER stress. In addition to PERK phosphorylation, the spliced form of X-box binding protein 1 (XBP-1s) and the mRNA levels of glucose-regulated protein 78 (GRP78) and CHOP were significantly increased in Tsc1 À/À cells indicating that the IRE-1 arm of the UPR is also significantly activated. Rapamycin treatment for 24 hr suppressed mTOR activity, completely reversed PERK phosphorylation, and significantly reduced XBP-1 splicing and the expression of CHOP and GRP78 mRNAs in Tsc1 À/À cells ( Figures 1A and 1B Figure S1C ), supporting the hypothesis that increased protein synthesis is likely the underlying mechanism for activation of UPR in TSC1-and TSC2-deficient cells. Finally, we utilized a third experimental system in which Tsc2 À/À cells were stably reconstituted with either an empty control retrovirus or TSC2-expressing retrovirus to allow comparisons within the same cellular background and causally link the absence of TSC2 to development of ER stress. As shown in Figure 1C , TSC2 deficiency-induced activation of UPR, with rapamycin-sensitive increases in the phosphorylation of PERK (Thr980), XBP-1 splicing, and expression of GRP78 and CHOP, could be rescued by the reconstitution of Tsc2 À/À cells with the TSC2 gene. Taken together, these results demonstrate that TSC deficiency leads to ER stress and that the induction of UPR, in both Tsc1 À/À and Tsc2 À/À cells, is mTORC1 dependent. We also tested the kinetics of the impact of rapamycin on activation of ER stress by monitoring PERK phosphorylation in Tsc2 À/À cells. These experiments demonstrated that rapamycin treatment resulted in diminished PERK phosphorylation starting at 2-6 hr of treatment ( Figure 1E ), a time course consistent with the impact of cycloheximide treatment on ER stress (data not shown).
Upregulation of UPR Parameters in Tumors Lacking TSC2

Tsc2
+/À mice develop several distinct tumors, including liver hemangiomas and kidney adenomas, upon loss of heterozygosity at the Tsc2 locus (Kobayashi et al., 1999; Onda et al., 1999) , and these tumors also exhibit elevated mTORC1 activity (Lee et al., 2005; Manning et al., 2005) . Hence, we examined whether TSC deficiency in vivo leads to ER stress in these tumors. Figures  2A and 2B illustrate the liver hemangiomas and kidney adenomas developed in the Tsc2 +/À mice at 1 year of age. As expected, there was a significant and widespread increase in S6 phosphorylation in both of these tumors, indicating increased activity of the mTORC1 pathway (Figures 2C and 2D) . Analysis of UPR markers such as the phosphorylated forms of PERK, eIF2a, and IRE-1 showed striking immunoreactivity in the hemangiomas but not in the surrounding normal tissues. Similarly, increased GRP78 staining in the kidney adenomas supports the presence of ER stress in these tumors ( Figure 2D ). Because the kidney adenomas in aged Tsc2 +/À mice (20 months) are quite large and can easily be separated from the surrounding normal tissue, we also biochemically analyzed markers of the mTORC1 pathway and ER stress in extracts from these tumors or adjacent normal tissue following treatment with either vehicle or rapamycin (10 mg/kg) for 2 days. As shown in Figure 2E , similar to S6K1, phosphorylation of PERK and eIF2a displays a marked upregulation in the tumor tissue relative to the adjacent normal tissue, providing further evidence for the activation of UPR in the TSC2-deficient adenomas. Consistent with the data obtained from cells lacking TSC1 or TSC2 function, the activation of UPR in TSC-deficient tumors is the result of elevated mTORC1 activity, as it is strongly sensitive to rapamycin ( Figure 2E ).
In addition to tumors that arise in the mouse model of TSC, we also analyzed a cortical tuber resection from a TSC patient, removed during epilepsy surgery. Cortical tubers are among the most common tumors arising in TSC patients and contain characteristic ''giant cells'' that display elevated mTORC1 signaling and are readily identified by their expression of vimentin (Baybis et al., 2004) . As shown in Figure 3A , the vimentin-positive giant cells exhibit increased S6 phosphorylation. Analysis of eIF2a phosphorylation in the sections from the tuber revealed that giant cells also have increased eIF2a phosphorylation ( Figure 3B ). Besides the vimentin-positive giant cells, enlarged dysplastic neurons within the tuber, identified by SMI-311 staining (Wang et al., 2007) , also displayed significant eIF2a phosphorylation and strong staining for GRP78/BIP protein ( Figures 3C and 3D ). Taken together, the data produced in TSC-deficient cells, mouse models of TSC, and human tissues (D) Immunofluoresence staining for phospho-S6 and GRP78 in the same cystic adenoma shown in (B).
(E) Detection of phospho-S6K1 (Thr389), total S6K1, phospho-PERK (Thr980), phospho-eIF2a (Ser51), and total eIF2a levels by immunoblotting extracts from either adjacent normal kidney tissue (N) or kidney adenomas (T) removed from 20-month-old Tsc2 +/À mice treated with either rapamycin (10 mg/kg) or vehicle for 2 consecutive days. Mice were sacrificed and extracts were prepared 12 hr after the second dose. Representative samples are shown.
demonstrate that loss of TSC function and the consequent increase in mTORC1 activity are associated with development of ER stress and activation of UPR.
Treatment of TSC-Deficient Cells with a Chemical Chaperone Decreases ER Stress and Alleviates UPR
Recently, we have shown that chemical chaperones, including 4-phenyl butyric acid (PBA), alleviate ER stress in cultured cells and whole animals and consequently rescue defective insulin action in obesity (Ozcan et al., 2006) . Hence, this reagent provided a unique opportunity to modulate ER stress and examine its functional consequences in TSC deficiency. To explore the role of UPR in TSC-deficient cells, we first investigated whether treatment with PBA would result in reduction of ER stress and UPR. Indeed, treatment of TSC1-deficient cells with PBA significantly decreased PERK phosphorylation, XBP-1 mRNA splicing, and expression levels of GRP78 and CHOP genes ( Figures 4A and 4B) . Similarly, in TSC2-deficient cells PBA treatment resulted in complete reversal of PERK phosphorylation and marked suppression of CHOP, XBP-1s, and GRP78 expression ( Figures 4C and 4D ). These PBA-mediated changes in ER stress indicators in TSC-deficient cells occurred despite sustained elevation of mTORC1 activity compared to WT cells, although a small decrease in S6K1 and S6 phosphorylation was noted under these conditions. These results clearly demonstrate the utility of PBA to alleviate ER stress in TSCdeficient cells.
The Impact of ER Stress on Insulin Signaling in TSC Deficiency
Having established the efficacy of PBA in improving ER function, we then asked whether the negative-feedback inhibition of insulin receptor signaling seen in TSC-deficient cells is a consequence of ER stress. UPR leads to inhibition of insulin receptor signaling (Ozcan et al., 2004) primarily through a pathway involving IRE-1-mediated JNK activation, IRS-1 phosphorylation, and inhibition of downstream signaling. Therefore, we first investigated whether the increased UPR in TSC null cells is sufficient to increase JNK activity. As shown in Figure 5A , Tsc2 À/À cells have significantly higher JNK activity when compared to cells expressing TSC2. Furthermore, treatment with either rapamycin or PBA in Tsc2 À/À cells resulted in reduction of JNK activity, indicating its link to increased ER stress. As reported previously, Tsc1 À/À and Tsc2 À/À cells are severely defective in insulin action (Harrington et al., 2004; Shah et al., 2004) , and insulin stimulation did not result in the expected increase in IRS-1, IRS-2, or Akt phosphorylation in these cells ( Figures 5B-5D ). To examine whether this unresponsiveness to insulin is related to UPR, we treated the Tsc1 À/À ( Figure 5B ) and Tsc2 À/À ( Figure 5C ) cells with PBA and examined insulin receptor signaling. Treatment with PBA significantly enhanced the insulin-induced phosphorylation of IRS-1, IRS-2, and Akt in Tsc1 À/À cells ( Figure 5B ) and Tsc2 À/À cells ( Figure 5C ). Experiments in the TSC2-reconstituted
Tsc2
À/À cells also demonstrated that significant recovery of insulin receptor signaling could be achieved in the vectorinfected cells upon alleviation of ER stress with PBA ( Figure 5D ). These data indicate that the UPR plays a causal role in the development of defective insulin action in cells lacking TSC genes and is one of the components of the negative-feedback mechanism resulting in insulin resistance. In addition to defects in insulin-stimulated tyrosine phosphorylation, IRS-1 protein levels are also suppressed in cells lacking TSC1 or TSC2. This has previously been linked to decreased gene expression as well as increased protein degradation (Harrington et al., 2004; Shah et al., 2004) . Interestingly, decreasing ER stress with PBA led to a substantial increase in IRS-1 protein levels, suggesting regulation at an additional level ( Figures 5B-5D ). Therefore, we investigated the possibility of increased degradation of IRS-1 due to ER stress in the TSCdeficient cells. We have previously shown that induction of acute ER stress results in IRS-1 serine phosphorylation and inhibition of insulin-induced tyrosine phosphorylation of this molecule (Ozcan et al., 2004) . We show here that exposure to prolonged ER stress may also lead to increased degradation of IRS-1. Stimulation of WT Fao cells with either of two ER stress-inducing agents, tunicamycin or thapsigargin, for 8 hr in the presence of the proteosome inhibitor epoxomicin resulted in pronounced ubiquitination of IRS-1 ( Figure 5E ). To determine the relevance of this mechanism to TSC deficiency, we examined the relative stability of IRS-1 with or without pretreatment with PBA in TSC1-and TSC2-deficient cells. As shown in Figure 5F , in cycloheximide-treated Tsc1 À/À cells IRS-1 protein was rapidly degraded and was undetectable by 1 hr. In contrast, pretreatment with PBA significantly extended the stability of IRS-1 in TSC-deficient cells and no reduction in protein level was evident up to 4 hr. While less pronounced, PBA treatment also increased the stability of IRS-2 in the Tsc1 À/À cells. Similar results were also obtained in Tsc2 À/À cells (data not shown).
In addition to the use of chemical chaperones, ER folding capacity can also be increased by overexpression of XBP-1s levels (Ozcan et al., 2004) . We therefore examined whether defective insulin receptor signaling in TSC-deficient cells could be rescued by an alternative strategy through introduction of active XBP-1s exogenously into these cells to reduce ER stress. In fact, expression of XBP-1s in Tsc2 À/À cells using an adenoviral expression system resulted in decreased PERK phosphorylation validating this approach to reduce ER stress and UPR signaling ( Figure 5G ). Parallel to these changes in ER stress, there was also significantly increased insulin-stimulated phosphorylation of both IRS-1 and Akt1 in Tsc2 À/À cells expressing XBP-1s ( Figure 5G ). This effect was most significant for Akt, as insulin stimulation of vector expressing TSC-deficient cells did not result in any detectable Akt phosphorylation. In contrast, upon introduction of XBP-1s, Akt phosphorylation was readily detectable in Tsc2 À/À cells. There was also an increase in IRS-1 protein levels in XBP-1s-expressing cells. These data indicate that ER stress adversely affects several important elements of insulin receptor signaling in TSC-deficient cells and significantly contributes to the development of cellular insulin resistance.
TSC-Deficient Cells and Tumors Are Vulnerable to ER Stress-Induced Apoptosis
It is well established that ER stress is linked to apoptotic pathways (Boyce and Yuan, 2006; Marciniak and Ron, 2006; Schroder and Kaufman, 2005) . Interestingly, previous studies have reported that Tsc1 À/À and Tsc2 À/À cells are highly sensitive to apoptosis induced by glucose deprivation (Inoki et al., 2003) . Because glucose deprivation is a strong inducer of ER stress, we investigated whether the sensitivity to apoptosis seen in TSCdeficient cells could be the result of chronic ER stress and an inability to adapt to additional challenges imposed on the ER. If this postulate were valid, TSC-deficient cells would be anticipated to succumb to ER stress-inducing agents with increased apoptosis. To test this, we exposed the TSC1-and TSC2-deficient cells and their littermate-derived controls to thapsigargin for 8 hr and analyzed the extent of apoptosis. Induction of ER stress with thapsigargin did not significantly increase apoptosis in WT cells, but this same treatment led to an elevated apoptotic response in both Tsc1 À/À and Tsc2 À/À cells ( Figure 6A ). We next analyzed the molecular indicators of apoptosis in an additional model of ER stress induced by tunicamycin, which blocks protein glycosylation in the ER. In Tsc2 À/À cells, exposure to tunicamycin resulted in marked increases in caspase-3 and (E) Ubiquitination of IRS-1 after 8 hr of thapsigargin (300 nM) or tunicamycin (2 mg/ml) treatment in the presence of epoximicin (1 mg/ml).
(F) IRS-1 protein levels in the presence of cycloheximide (100 mg/ml) after 20 hr of 4-PBA (10 mM) pretreatment of Tsc1 À/À cells.
(G) Decreased ER stress and recovery of insulin-stimulated IRS-1 and Akt phosphorylation in Tsc2 À/À MEFs by expression of exogenous spliced XBP-1 (XBP-1s).
XBP-1s is introduced into the cells by an adenoviral expression system, and the lower panel shows the protein levels obtained in the cells. Phosphorylation of PERK is examined to monitor ER stress.
PARP cleavage compared to wild-type (reconstituted with TSC2) controls ( Figure 6B ). This enhanced ER stress-induced apoptosis is inhibited by rapamycin treatment, demonstrating that hyperactive mTORC1 in TSC-deficient cells is responsible for the heightened sensitivity to ER stress-induced cell death ( Figure 6B ). These results demonstrate that loss of TSC1 or TSC2 leads to hypersensitivity to ER stress-induced death. In attempts to link the enhanced apoptotic phenotype of the TSC-deficient cells to ER stress in an additional paradigm, we finally investigated whether ER stress contributes to the previously observed sensitivity to glucose deprivation-induced apoptosis in TSC2-deficient cells (Inoki et al., 2003) . PBA pretreatment for 6 hr, which relieves the basally elevated ER stress in TSC-deficient cells, reversed the sensitivity of these cells to glucose deprivation ( Figure 6C, top) . In PBA-treated Tsc2 À/À cells, glucose-depriva- (E) A model of the interactions between TSC function and insulin resistance. TSC deficiency results in increased mTOR activity, which triggers uncontrolled protein synthesis leading to development ER stress and, through this mechanism, insulin resistance. In this setting, ER stress also sensitizes cells to apoptosis. Data are mean ± SEM of triplicates.
tion-induced caspase-3 and PARP cleavage were significantly suppressed compared to controls. The extent of the impact of PBA was similar to the protection against apoptosis provided by rapamycin ( Figure 6C, bottom) . Because the TSC-deficient tumors also exhibit upregulated UPR, we finally tested whether administration of an ER stress-inducing agent, thapsigargin, would also lead to apoptosis of tumor cells in vivo. In these experiments, apoptosis was examined by TUNEL assay in kidney adenomas from 1-year-old Tsc2 +/À mice following treatment with thapsigargin (1 mg/kg) or vehicle for 7 consecutive days. As shown in Figure 6D , numerous TUNEL-positive cells were detected in the tumors following thapsigargin treatment. Apoptotic cells were not detected in normal surrounding kidney tissue in thapsigargin-treated mice or in tumors from vehicle-treated controls, indicating that the TSC-deficient tumor cells are more sensitive to ER stressinduced apoptosis in vivo.
DISCUSSION mTORC1 Signaling and the UPR
The TSC-mTORC1 circuit resides at the junction of several important pathways that play crucial roles in energy and nutrient sensing, metabolism, cell growth, and differentiation (Dann and Thomas, 2006; Harris and Lawrence, 2003; Hay and Sonenberg, 2004; Inoki et al., 2005; Kwiatkowski and Manning, 2005; Sarbassov et al., 2005a) . As nutrient availability and energy status are critically linked to protein synthesis, proper mTOR action is critical for many metabolic processes and its dysregulation results in an array of pathologies. In a parallel fashion, the proper monitoring and maintenance of ER function are also critical in connecting cellular nutrient and energy status to protein synthesis. As a result, the ER is exquisitely sensitive to perturbations in synthetic pathways and to energy and nutrient fluctuations. The UPR system ensures proper and often short-term adaptation of the ER function to the demand of the cells. UPR pathways work as a coordinated signaling network to regulate protein synthesis and increase the folding capacity of the ER. At points where the organelle cannot adapt to the given perturbation, UPR initiates apoptotic pathways. Hence, the integration of UPR and ER function with proper regulation of mTORC1, a major nutrient-sensing and growth-regulatory pathway, could be considered as a logical link for the coordinated function of metabolic and survival pathways.
The results presented here indicate that ER stress and activation of the UPR pathway are important pathological features of TSC and contribute to critical functional abnormalities in insulin/IGF1 action and cell survival. These observations demonstrate a previously unrecognized connection between two critical and highly conserved regulatory pathways and are of interest for several reasons. First, the factors contributing to the negative-feedback regulation of insulin and IGF1 action in TSC-deficient cells and in other conditions of aberrant mTORC1 activation are poorly understood. Here, we show that UPR contributes to the emergence of this negative-feedback signal in TSC-deficient cells, at least in part, through the activation of JNK, which plays a crucial role in inhibition of IRS-1 activity and the development of insulin resistance both in vitro and in vivo (Hirosumi et al., 2002; Hotamisligil, 2006) . As insulin is a major stimulus for many biosynthetic pathways including protein synthesis, the feedback inhibition of insulin action in the presence of ER stress is likely to represent an adaptive response and might even be considered part of the UPR. Because increased mTORC1 signaling (Um et al., 2004; Khamzina et al., 2005) and ER stress (Ozcan et al., 2004) are both critical features of obesity and insulin resistance, the impact of their coordinated action could have implications beyond TSC deficiency to metabolic diseases such as type 2 diabetes.
UPR is unlikely to be the only mechanism leading to defective signaling downstream of insulin and IGF1 in TSC-deficient cells. Previous studies have suggested a role for S6K1 activity in the feedback regulation of insulin receptor signaling during mTOR activation in obesity (Um et al., 2004) . There is also evidence supporting direct regulation of insulin action by the mTORC1 pathway through phosphorylation of IRS-1, although the physiological relevance of these modifications is currently unclear (Harrington et al., 2004; Tzatsos and Kandror, 2006) . In the experimental paradigm utilized here, we demonstrate that even under conditions of high levels of S6K1 activity, alleviation of ER stress can prevent IRS-1 degradation and rescue, at least in part, insulin action in TSC-deficient cells. In this setting, increased mTORC1 activity, increased S6K activity, and elevated protein synthesis are upstream of ER stress and UPR and therefore reversible by rapamycin (see Figure 6E ). ER stress and UPR are upstream of insulin receptor signaling, as insulin action could be recovered, at least in part, by alleviation of ER stress by chemical or genetic means in Tsc2 À/À cells. These observations suggest a multilevel integration between the mTORC1-mediated nutrient-sensing apparatus and insulin action in cells. This link might be a narrow response specific to conditions with decreased TSC1-2 complex function, thereby serving to protect the cells from further aberrant protein synthesis and stress in the ER by partially blocking protein translation (via eIF2a phosphorylation) and insulin/IGF1 responsiveness. Alternatively, the involvement of the ER in coordinating the insulin-and nutrient-stimulated signals transmitted through the TSC-mTORC1 pathway may be a general mechanism to ensure ER integrity. A second interesting feature of these findings is that hyperactivity of the mTORC1 pathway due to loss of the TSC1-2 complex leads to extreme sensitivity to ER stress-causing agents, and ER stress underlies, at least in part, the increased sensitivity to glucose deprivation-induced cell death seen previously in TSC-deficient cells (Inoki et al., 2003) . Because all cells exhibit only a limited adaptive capacity to energy stress and metabolic dysregulation, the activities of distinct survival pathways are often coordinately regulated. In this regard, it is not surprising to uncover a link between ER-related apoptotic responses and the nutrient-and energy-sensing TSC-mTORC1 pathway. Taken together, we postulate that the ER plays a critical role in integration of metabolic and survival responses through mTORC1 signaling.
Pathologic and Therapeutic Implications
Our observations may have critical implications for the diseases related to mTORC1 dysregulation, where activation of UPR and its contributions to the pathophysiological properties of these diseases should be considered. As mentioned above, obesity and diabetes represent such conditions, which feature increased mTORC1 signaling and ER stress. Under these conditions, the integrated stress response is causal to development of insulin resistance, at least in experimental models, and could be reversed by modulation of the ER. Downstream of mTORC1, S6K1 has also been linked to systemic insulin resistance and abnormal insulin secretion and glucose metabolism (Um et al., 2004) . Increased mTOR activity may also be a contributing factor to obesity-induced ER stress. Hence, in the chronic and relatively milder activation of mTORC1 signaling observed in these systems, mTORC1-S6K1 and UPR might cooperate in a condition of energy surplus to disrupt insulin action without the effective engagement of apoptotic pathways.
On the other hand, it is possible to envision strategies to take advantage of the acute susceptibility to ER stress-induced apoptosis that might accompany all tumors associated with severe dysregulation of mTORC1. For instance, the high levels of ER stress and the selective sensitivity of TSC-deficient cells to ER stress-inducing agents could offer unique therapeutic opportunities in tuberous sclerosis complex and perhaps in other tumor syndromes characterized by aberrantly high mTOR signaling. This postulate is supported by our observations here that thapsigargin treatment leads to apoptosis in TSC-deficient tumors in vivo. Although the currently available ER stress-inducing agents, such as tunicamycin and thapsigargin, are also toxic to normal cells in the body, the heightened susceptibility of TSC-deficient cells to ER stress could be potentially advantageous for selectively inducing apoptosis in tumor cells at low doses. As such, development of more selective and less toxic agents to trigger ER stress pathways might offer new therapeutic opportunities for the many cancers and other tumor syndromes that feature dysregulated activity of the mTORC1 pathway.
EXPERIMENTAL PROCEDURES Biochemical Reagents
Anti-IRS-1 and anti-IRS-2 antibodies were from Upstate Biotechnology (Charlottesville, VA). Antibodies against phosphotyrosine and JNK-1 were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-phospho S6K, anti-S6K1, anti-phospho-PERK, antiphospho-eIF2a, anti-Akt, and anti-phospho Akt antibodies and c-Jun fusion protein were from Cell Signaling Technology (Beverly, MA). Monoclonal antibody against vimentin (clone V9) was from Chemicon (Temecula, CA), and neurofilament (NF) (SMI-311) was from Sternberger (Lutherville, MD). The polyclonal anti-phospho-eIF-2a antibody (Ser52) was from Stressgen. Fluorescein-conjugated (FITC-conjugated) goat anti-rabbit IgG was from Jackson Immuno Research Laboratories (West Grove, PA). Thapsigargin and tunicamycin were from Calbiochem (San Diego, CA). Cell death ELISA system and BM chemiluminescence blotting substrate (POD) were from Roche (Indianapolis, IN). The anti-phospho-IRE-1 antibody was kindly provided by Dr. Fumihiko Urano from the University of Massachusetts. Apoptosis ELISA Cells were placed in 96-well plates in DMEM-H + 10%FBS + 1%PS at 40%-50% confluence. Upon reaching 80% confluency, cells were washed with DMEM-H without FBS, and thapsigargin (10 nM) or DMSO was applied for 6 hr in DMEM-H + 1%PS but without FBS. Apoptosis was analyzed by using cell death ELISA system, and experiments were performed using manufacturer's instructions.
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